Cystic ovarian disease (COD) is one of the main causes of infertility in dairy cattle and has a high economic impact on farmers. COD is caused by an endocrine imbalance within the hypothalamic-pituitary-ovarian axis preventing the mature Graafian follicle from ovulating. The cause at the molecular level is not well understood. However, the matrix metalloproteinases (MMP) and plasminogen activator/plasmin families of extracellular (ECM) matrix-degrading proteinases are involved in Graafian follicle breakdown and oocyte release in the ovulation process. Our research investigated the possibility of using plasma concentrations of MMP-2 and -9 and their natural tissue inhibitors (TIMP) -1 and -2 as prognostic indicators of COD. Plasma samples from cystic and non-cystic dairy cows were analyzed using ELISA. Although plasma concentrations of MMP-2 and -9 were greater and TIMP-2 was lower in non-cystic compared to cystic cows, no significant differences were observed in MMP-2 and -9 and TIMP-1 and -2 due to cyst status. However, the TIMP-1:MMP-9 and TIMP-2:MMP-2 molar ratios were greater, (P = 0.099) and (P = 0.038), respectively, in cystic compared to non-cystic cows, suggesting a proteolytic insufficiency in cows with COD that may be a contributing factor to the anovulatory pathology. These data may provide the groundwork for future research and development of tools for dairy farmers to selectively choose replacement heifers less likely to develop COD.
INTRODUCTION
Cystic ovarian disease (COD) is a reproductive pathology primarily affecting dairy cattle causing irregular estrous cycles and prolonging the postpartum interval to first estrus. Ovarian cysts are defined as Open Access Natural Science ovarian structures over 2.5 cm which have persisted for longer than 10 days without a corpus luteum present [1] . There are two types of ovarian cysts: follicular and luteal. Follicular cysts are single or multiple thin-walled Graafian follicle structures whereas luteal cysts are generally single structures with a thicker wall of luteal tissue [2] . Of the two, follicular cysts account for approximately 70% of COD cases [2] . Luteal cysts are often follicular cysts that have persisted and formed a thicker layer of luteal tissue around the edges of the cyst [3] . COD is associated with a dysfunction of the hypothalamic-pituitary-ovarian axis, but there is no consensus on a specific intra-ovarian dysfunction that causes COD [4] . Stangaferro et al. [5] found altered expression of components in the activin-inhibin-follistatin system. This system could be responsible for the endocrine alterations and follicular persistence seen in COD. Other factors can be stress, herd management, nutritional status, body condition, and infectious disease [4, 6] .
Ovulation is dependent on breakdown of the ECM in the follicle wall by the MMP and plasminogen activator/plasmin families of proteinases. The MMP family consists of 26 different proteins, all of which are proteolytic enzymes. MMP-2 and -9 are in the gelatinase family of MMP and are involved in ECM remodeling during the estrous cycle [7, 8] and ovulation [9] [10] [11] . Differences in MMP-2 and -9 expression were reported by Imai et al. [12] where bovine follicular cysts had greater proMMP-2 and -9 activities in follicular fluid compared to follicles smaller than the threshold for cystic follicles. Follicular as well as plasma concentrations of MMP-2 and -9 and tissue inhibitor of MMP-1 (TIMP-1) were also higher in women with polycystic ovarian syndrome (PCOS), also an anovulatory condition, compared to healthy control women [13] [14] [15] .
Failure of the mature Graafian follicle to ovulate in a timely fashion is a concern for dairymen because it decreases the reproductive efficiency of cows thereby increasing culling rates and costs of production. Over a lifetime, COD is estimated to affect 10% to 30% of high producing dairy cows [2] . If differences in plasma concentrations between normal and cystic cows correlate with follicular expression of MMP-2 and -9 and TIMP then plasma MMP could emerge as an indicator of COD in dairy cattle. This relationship could assist with providing dairy producers tools for selecting replacement heifers less likely to develop COD. The ramifications could be great for the dairy industry by providing a reduction in veterinary, breeding and culling costs. Therefore, the objective of this study was to quantify plasma concentrations of MMP-2 and -9 and TIMP-1 and -2 in cows diagnosed with COD and cows with no history of follicular cysts.
MATERIALS AND METHODS

Animals
A total of 65 lactating Holstein cows were used in this study and were housed at a cooperating dairy in Coburg, Oregon. This dairy had approximately 3000 cows with 1500 milking. Cows were provided with free-choice water and a total mixed ration consisting of corn silage, grass silage, alfalfa, corn, cotton seed and soy bean meal. Cows were divided into two groups based on ovarian palpation during herd health evaluations by a licensed veterinarian at 14-day intervals. Cows diagnosed with an ovarian follicular cyst, a follicle > 2.5 cm in diameter [1, 2] , were assigned to the cyst group and a blood collection was performed. Cows selected to serve as the control, or non-cystic group, were cows observed in estrus the day of the blood collection by the herdsmen. Signs of estrus are standing to be mounted, increased step count and decreased milk production. For the non-cystic cows, medical records were inspected to verify no history of follicular cysts. Age and parity data were collected and for cystic cows, the number of lactations in which a cow had been diagnosed with a cyst was recorded. Power calculations were used to provide an estimate of sample size. All work was performed in accordance with the Oregon State University Institutional Animal Care and Use Committee.
Blood Collection
Blood samples were collected via coccygeal venipuncture using 10 mL Vacutainer (Becton Dickinson) Natural Science blood-collection tubes. Vacutainers for plasma collection were preserved with heparin as the anticoagulant. Blood samples were transported back to the laboratory within approximately one hour of collection. Tubes were centrifuged at 5000X g for 10 minutes at 4˚C to separate plasma from whole blood. Three 500-ml aliquots of plasma were collected from the top half of each vacutainer, and each tube was labeled with "A", "B" or "C" according to the order in which the sample was taken, date of blood draw, and cow number. Aliquots were stored at −20˚C until analysis for MMP-2 and -9 and TIMP-1 and -2.
ELISA
Plasma MMP-2 and -9 concentrations were quantified using Genorise (Berwyn, PA) ELISA kits. One-hundred microliters of standard or sample plasma in duplicate were incubated in a pre-coated antibody plate for one hour at RT. Any targeted MMP present in the sample were bound to the antibody on the plate. After the initial incubation, each well was washed with 200 µl of wash buffer 4 times. One hundred microliters of detection antibody specific for bovine MMP-2 or -9 were added to each well in the plate and the plate was incubated for one hour at RT. Another wash was completed to remove unbound antibody reagent. One hundred microliters of detection reagent were added to each well and incubated for 20 minutes. Another wash cycle was completed and 100 µl of substrate were added, which causes color formation during the 20-minute incubation at RT. Fifty microliters of stop solution were added to the wells to halt color development. The optical density (OD) of each well in the plate was immediately quantified at 450 nm and 550 nm using a BIOTEK EL800 plate reader.
To calculate MMP-2 and -9 plasma concentrations in the samples, OD measurements at 550 nm were subtracted from OD at 450 nm as a correction factor for imperfections in the plate. Corrected OD measurements were transformed into plasma concentrations using Excel and equation of the line calculations. A standard curve was created using the OD readings of the standards provided in the Genorise ELISA kit. Plasma concentrations of MMP-2 and -9 in the samples were determined by entering OD readings into the standard curve equation.
TIMP-1 concentrations were quantified using a MyBioSource (San Diego, CA) ELISA kit. All reagents were brought to RT prior to starting the assay. One hundred microliters of standard or sample were added to each well in the assay plate. All standards were run in duplicate. A closure membrane was then placed on top of the plate while the tray incubated for two hours at 37˚C. After the first incubation, all liquid was removed from the wells and 100 µl of detection reagent A were added to each well. The plate was covered again and incubated for one hour at 37˚C. Each well was aspirated and washed four times using 400 µl of wash buffer. One hundred microliters of detection reagent B were added to each well and the plate was covered again for 1 hour at 37˚C. Each well was washed five times. After all liquid was removed from the wash steps, 90 µl of substrate solution were added to each well. The plate was sealed and incubated at 37˚C for 15 minutes, while being protected from light. Fifty microliters of stop solution were added to each well and the OD of each well was quantified within 5 minutes using a BIOTEK EL800 plate reader. Blank wells served as the correction factor.
TIMP-2 concentrations were also quantified using a MyBioSource (San Diego, CA) ELISA kit. All samples and reagents were brought to RT 30 minutes before starting assay procedures. Fifty microliters of sample, standard or sample diluent were added to each well in the assay plate. All standards were run in duplicate. Sample diluent was used as a blank control sample in duplicate. One hundred microliters of HRP-conjugate were added to each well. A closure membrane was placed on top of the plate and the tray was incubated at 37˚C for 60 minutes. The plate was washed with approximately 400 µl of wash buffer four times. Fifty microliters of Chromogen solution A and B were added successively to each well. The tray was protected from light, covered with a membrane, and incubated at 37˚C for 15 minutes. Fifty microliters of stop solution were added to each well and OD was measured at 450 nm within 15 minutes of adding the stop solution in a BIOTEK EL800 plate reader. Blank wells served as the correction factor.
To calculate plasma TIMP-1 and -2 concentrations in the samples, the average OD of the blank wells were subtracted from the OD of each standard as a correction factor. Corrected OD measurements were transformed into plasma concentrations using Excel and equation of the line calculations. A standard curve was created using the OD readings of the standards provided in the MyBioSource ELISA kit. Plasma concentrations of TIMP-1 and -2 in the samples were determined by entering corrected OD readings into the standard curve equation.
Statistical Analyses
Differences in plasma concentrations of MMP-2 and -9, TIMP-1 and -2 and the TIMP-1:MMP-9 and TIMP-2:MMP-2 molar ratios due to cyst status (cystic vs. non-cystic), cyst number, parity and age were determined by one-way ANOVA. If significant effects were observed in the ANOVA, differences between means were evaluated by Fisher's least significant differences procedures. Correlation-regression analyses were conducted to determine the degree of relationship in the TIMP-1:MMP-9 and TIMP-2:MMP-2 molar ratios with age and parity. All analyses were performed using the NCSS statistical software program (Number Cruncher Statistical System; 2007, Jerry Hintze, Kaysville, UT).
RESULTS
For MMP-2 and -9 quantification, each group, cystic and non-cystic, consisted of 32 cows. For TIMP-1 and -2, 33 cystic and 32 non-cystic cows were sampled. Average ages and parities of cystic and non-cystic cows were 44.4 ± 3.3 and 37.8 ± 2.2 months and 2.0 ± 0.3 and 1.8 ± 0.2 parities, respectively, and did not differ (P > 0.10) between groups.
MMP-2 and -9
Although MMP-2 concentrations were greater in plasma recovered from non-cystic compared to cystic cows, no difference was observed (P = 0.33). Mean plasma concentrations of MMP-2 in cystic and non-cystic cows were 228.8 ± 49.8 and 311.5 ± 68.2 pg/ml, respectively. Intra-assay coefficient of variation for MMP-2 assays was 15.4%.
Similar to MMP-2, MMP-9 concentrations were greater in plasma recovered from non-cystic compared to cystic cows, however, no difference was observed (P = 0.76). Mean plasma concentrations of MMP-9 in cystic and non-cystic cows were 89.5 ± 14.6 and 95.4 ± 12.3 pg/ml, respectively. Intra-assay coefficient of variation for MMP-9 assays 1 and 2 was 7.5%.
TIMP-1 and -2
No difference (P = 0.86) in plasma TIMP-1 concentrations was detected between cows diagnosed with a cystic follicle and normal cows with no history of COD. Mean plasma concentrations of TIMP-1 in cystic and non-cystic cows were 4.71 ± 0.8 and 4.96 ± 1.2 ng/ml. Intra-assay coefficient of variation for the TIMP-1 assay was 9.0%.
Although TIMP-2 concentrations were lower in plasma recovered from non-cystic cows compared to cystic cows, no difference was observed (P = 0.15). Mean plasma concentrations of TIMP-2 in cystic and non-cystic cows were 39.7 ± 1.4 and 36.9± 1.3 ng/ml. Intra-assay coefficient of variation for the TIMP-2 assay was 3.7%.
MMP-2 and -9 Concentrations Relative to Cyst Number
MMP-2 and -9 plasma concentrations were analyzed relative to the number of lactations a cow had been diagnosed with a cyst. MMP-2 plasma concentrations decreased as number of cysts increased, except in the 3 cyst group, however no differences (P = 0.79) were observed (Figure 1 ). MMP-9 plasma concentrations remained similar (P = 0.98) in all groups (Figure 2 ).
TIMP-1 and -2 Concentrations Relative to Cyst Number
Likewise, TIMP-1 and -2 plasma concentrations were analyzed relative to the number of lactations a Natural Science cow had been diagnosed with a cyst. Although TIMP-1 plasma concentrations decreased as number of cysts increased, no differences (P = 0.90) were observed ( Figure 3 ). No differences (P = 0.46) were observed due to cyst number in plasma concentrations of TIMP-2, however the cow with a history of 3 cysts had the highest plasma concentration (Figure 4) .
TIMP-1:MMP-9 and TIMP-2:MMP-2 Molar Ratios
TIMP-1:MMP-9 molar ratio was greater (P = 0.099) in cystic compared to non-cystic cows ( Figure  5 ). Similarly, TIMP-2:MMP-2 molar ratio was greater (P = 0.038) in cystic compared to non-cystic cows ( Figure 6 ). Cystic cows with one cyst in their production record had a TIMP-1:MMP-9 molar ratio twofold greater (P < 0.05) than non-cystic cows (Figure 7) . The TIMP-2:MMP-2 molar ratio was four times (P < 0.05) greater in cystic cows with one cyst compared to non-cystic cows (Figure 7) .
Correlations for TIMP-1:MMP-9 and TIMP-2:MMP-2 molar ratios with age and parity were negative for cystic cows and only the TIMP-1:MMP-9 molar ratio was meaningful (P = 0.06; Table 1 ). No significant correlations were observed for TIMP-1:MMP-9 and TIMP-2:MMP-2 molar ratios with age and parity for non-cystic cows (Table 2 ). 
DISCUSSION
These data suggest cows diagnosed with COD do not have significantly altered plasma concentrations of MMP-2, MMP-9, TIMP-1 or TIMP-2 compared to cows with no history of cystic follicles. Although no statistical differences in plasma MMP-2 and -9 concentrations were observed between normal and cystic cows, both MMP-2 and -9 were higher in cows with no cystic history compared to cystic cows. In fact, MMP-2 plasma concentrations were approximately 36% higher in cows with no history of follicular cysts. However, noticeable between animal variation was observed in MMP-2 plasma concentrations, as evidenced by the SE associated with the means. Perhaps with a larger sample size significant differences may have been realized in MMP-2. Results from the present study differ from those of Imai et al. [12] who observed more proMMP-9 activity, albeit in follicular fluid, in bovine cystic follicles compared to follicles below the threshold diameter for cysts. Our results also differ from several studies reporting elevated concentrations of MMP-2 and -9 in plasma and follicular fluid in women with PCOS [13] [14] [15] .
Concentrations of TIMP-1 were very similar in both groups and as TIMP-1 is often regarded as being constitutively expressed this observation was not surprising. TIMP-2 plasma concentrations were elevated in cystic compared to non-cystic cows and the difference approached significance with a P-value of 0.15. TIMP-2 is tightly tied to regulation of MMP-2 and MMP-9 is regulated by multiple TIMP. Interestingly, serum TIMP-1, but not TIMP-2, was higher in women with PCOS compared to healthy women [14] .
However Baka et al. [15] reported higher concentrations of both TIMP-1 and -2 in follicular fluid recovered from women with PCOS compared to women without the pathology.
Molar ratios of TIMP-1:MMP-9 and TIMP-2:MMP-2 were at least 100 and 1000-fold, respectively, greater in favor of TIMP compared to MMP. Both TIMP-1:MMP-9 and especially TIMP-2:MMP-2 molar ratios were greater in cystic cows compared to non-cystic cows suggesting an imbalance in the protease inhibitor to protease ratio in favor of reduced proteolysis in cows with COD. Whether this difference translates to impaired proteolysis at the follicular level is not known however it suggests a plausible explanation for the follicular cyst pathology where reduced follicular wall proteolysis could lead to the anovulatory condition.
Age and parity have been suggested to be factors associated with COD [4, 16] . In the current study the TIMP-1:MMP-9 molar ratio approached significance for cystic cows where as age and parity increased the ratio decreased. However relationships with the TIMP-2:MMP-2 molar ratio and age and parity were decidedly nonsignificant. Meaningful relationships with either molar ratio with age and parity for non-cystic cows were not observed.
Multiple ECM degrading proteinase systems play a role in the regulation of ovulation. Having an imbalance in one of these multiple systems could play a role in COD. In the present study, molar ratios of TIMP-1:MMP-9 and TIMP-2:MMP-2 in plasma were greater in cystic cows compared to non-cystic cows Natural Science and favored reduced proteolysis in cows with COD. If this difference translates to the ovarian level the impaired proteolysis may predicate development of the follicular cyst pathology. Whether the plasma TIMP-2:MMP-2 molar ratio can be used as a marker for heifers with a predilection to develop COD remains to be determined. However, given the economic losses suffered by dairy producers due to COD, evaluation of such a relationship bears merit for future research.
CONCLUSION
Molar ratios of TIMP-1:MMP-9 and TIMP-2:MMP-2 in plasma were greater in cows diagnosed with COD compared to non-cystic cows. This relationship could be used as a tool for dairy producers in selecting replacement heifers less likely to develop COD thereby increasing production efficiency by decreasing veterinary, breeding and culling costs.
